A self-powered gas sensor that can actively detect ethanol at room temperature has been realized from a Pt/ZnO nanoarray nanogenerator. Pt nanoparticles are uniformly distributed on the whole surface of ZnO nanowires. The piezoelectric output of Pt/ZnO nanoarrays can act not only as a power source, but also as a response signal to ethanol at room temperature. Upon exposure to dry air and 1500 ppm ethanol at room temperature, the piezoelectric output of the device under the same compressive strain is 0.672 and 0.419 V, respectively. Moreover, a linear dependence of the sensitivity on the ethanol concentration is observed. Such a linear ethanol sensing at room temperature can be attributed to the atmosphere-dependent variety of the screen effect on the piezoelectric output of ZnO nanowires, the catalytic properties of Pt nanoparticles, and the Schottky barriers at Pt/ZnO interfaces. The present results can stimulate research in the direction of designing new material systems for self-powered room-temperature gas sensing.
Introduction
Gas sensors have significant applications in industrial production, environmental monitoring and people's daily life [1] [2] [3] . In recent years, semiconducting metal oxide nanowires (NWs), such as ZnO [4] , SnO 2 [5] [6] [7] and In 2 O 3 [8] , have enhanced the sensitivity and stability of gas sensors due to their high surface-to-volume ratio. In particular, ZnO NWs for gas sensing have been intensively investigated because of their high conductivity, non-toxicity and low cost. Upon exposure to reducing gas, such as ethanol, the adsorbed oxygen ions on the surface of ZnO NWs can react with ethanol molecules and release free electrons back to the ZnO, resulting in an increase of the conductivity [9] . Restrained by the temperature limitation of the chemical reaction between ethanol molecules and oxygen ions, the work temperature of ZnO NW based ethanol sensors is usually 200-300 • C [10, 11] , and room-temperature ethanol sensing is difficult to realize. In our previous work [12] , an unpackaged ZnO NW nanogenerator (NG) as self-powered active gas sensor has been demonstrated, and it is very sensitive to H 2 S at room temperature. By coupling the piezoelectric and gas sensing characteristics of ZnO NWs, the piezoelectric signal generated by ZnO NW nanogenerator can act not only as a power source, but also as a H 2 S sensing signal at room temperature. For practical application of this new gas sensor, the ability to detect low reducing gas such as ethanol vapour at room temperature is an urgent demand. In this paper, room-temperature ethanol sensing has been realized by Pt/ZnO nanoarray self-powered active gas sensors. Pt nanoparticles are uniformly loaded on the whole surface of ZnO NWs by a simple wet-chemical method. Upon exposure to 1500 ppm ethanol at room temperature, the piezoelectric output of the device decreases from 0.672 V (in air) to 0.419 V. Interestingly, a linear dependence of the sensitivity on the ethanol concentration is also observed, which is a very good feature for practical applications. Such a linear ethanol sensing at room temperature can be attributed to the atmosphere-dependent variety of the screen effect on the piezoelectric output of ZnO, the catalytic properties of Pt nanoparticles, and the Schottky barriers at Pt/ZnO interfaces. The present results demonstrate that noble-metal-decorated ZnO NWs are good candidates for room-temperature self-powered active gas sensors.
Experimental section
The structure design and brief fabrication process of the self-powered active gas sensor is shown in figure 1 . First, a piece of titanium (Ti) foil as the substrate of ZnO NW arrays was pre-cleaned with deionized water and alcohol ( figure 1(a) ). Then vertically aligned ZnO NW arrays were grown on the Ti substrate by a wet-chemical method ( figure 1(b) ). The Ti foil was immersed into 40 ml aqueous solution containing Zn(NO 3 ) 2 ·6H 2 O (0.416 g) and NH 3 ·H 2 O (2 ml). After the reaction flask had been kept at 70 • C for 24 h, the substrate was removed from the solution, rinsed with deionized water, and dried at 60 • C. As shown in figure 1(c), Pt nanoparticles were uniformly loaded on the whole surface of ZnO NW arrays by a wet-chemical method. The substrate with ZnO NW arrays was immersed into 40 ml aqueous solution containing 0.05 g NaOH and 0.3 ml H 2 PtCl·6H 2 O (1 mol l −1 ) at room temperature. After 30 min, the substrate was removed from the solution, rinsed with deionized water, and dried at 60 • C. The substrate was annealed at 400 • C for 2 h.
As shown in figure 1(d), the final self-powered active gas sensor is fabricated from three main components: Pt/ZnO NW arrays on Ti foil, Al layer and Kapton boards. Ti foil acts as both the substrate for the NWs and the conductive electrode. The Al foil (0.05 mm in thickness) acts as the counter electrode and is placed on the Pt/ZnO NW arrays. Terminal copper leads are glued with silver paste on each electrode for electrical measurements, and the device is fixed between two sheets of Kapton board. Under applied compressive force, the piezoelectric output of the device can act as both the energy source and the gas sensing signal (figure 1(e)).
Results and discussion
The morphology of Pt/ZnO NW arrays is characterized by scanning electron microscopy (SEM; JEOL JSM-6700F). figure 3(g) . The sensitivity S of the device to ethanol under the same deformation conditions can be simply defined as where V a and V g are the piezoelectric output voltage in air and test gas, respectively. As shown in figure 3(g) , the sensitivity of the device upon exposure to 400, 600, 800, 1000 and 1500 ppm ethanol gas is 5.99, 15.46, 23.99, 37.14 and 60.38, respectively, and the sensitivity is in a linear relationship with the concentration of ethanol, which is a very good feature for practical applications. Figure 3 (h) shows a continuous responding process of the piezoelectric output voltage to 500 ppm ethanol gas under the same compressive strain. After the atmosphere of the test chamber changes to ethanol gas, the piezoelectric output voltage decreases and maintains stability at 0.614 V after about 75 s. The response time of the device is several tens of seconds. The selectivity of the device is shown in figure 3(i) . The sensitivities of the device upon exposure to 1000 ppm hydrogen sulfide, ethanol, methanol, formaldehyde and acetone are 319.3, 41.9, 38.2, 17.6 and 13.4, respectively. The selectivity of the device needs to be further improved in the future. It has been demonstrated that ZnO NWs have a high density of point defects, such as oxygen vacancies, which provide n-type carriers (electrons) for the measured conductivity [13] . When ZnO NWs are under a compressive strain, a piezoelectric field is created along the ZnO NWs [14] [15] [16] [17] . The free electrons in ZnO NWs will partially screen this piezoelectric field and decrease the piezoelectric output. Our previous report shows that oxidizing or reducing gas adsorbed on the surface can affect the free-carrier density at the surface of ZnO NWs, which greatly changes the screen effect on the piezoelectric output [12] . The piezoelectric output of ZnO NWs can act as both the power source and the gas sensing signal. In this paper, Pt decoration on ZnO NWs can result in a room-temperature ethanol sensing because Pt has catalytic properties and also can introduce a Schottky barrier at the interface of Pt/ZnO.
The working mechanism of the room-temperature selfpowered active ethanol sensing is shown in figure 4 . As shown in figure 4(a) , without any compressive force, the device in dry air has no piezoelectric output. It has been demonstrated that Pt is a far better oxygen diffusion catalyst than ZnO, and adsorbed oxygen can diffuse fast to surface defects of ZnO NWs, accompanying capturing the free electrons and forming O − 2 ions at room temperature [18] [19] [20] [21] . The coverage of chemisorbed oxygen on the surface of Pt/ZnO NWs is very large. At the same time, the Schottky contact between ZnO and Pt (the work function of ZnO and Pt is 4.5 and 5.65 eV, respectively) leads to an additional depletion layer in ZnO. Compared with bare ZnO NWs, the electron depletion is much stronger in Pt/ZnO NWs. When the device in dry air is under a compressive strain ( figure 4(b) ), a piezoelectric field is created along the Pt/ZnO NWs due to the deformation of the c-axis of ZnO [22, 23] . Under the driving of the piezoelectric field, free electrons in the conduction band of ZnO tend to flow and screen the positive ionic piezoelectric charges at one end, leaving the negative ionic piezoelectric charges alone [24] . As the amount of free electrons is greatly decreased by the Pt-assisted chemisorbed oxygen and the Pt/ZnO Schottky contact, the screen effect is significantly decreased and the piezoelectric output is high. When the device is exposed to ethanol gas ( figure 4(c) ), ethanol molecules react with the oxygen ions on the surface of ZnO NWs with the assistance of Pt catalysis [25, 26] :
CH 3 CH 2 OH (ads.)
The rate of the reactions between oxygen ions and ethanol molecules is greatly accelerated by Pt catalytic activity, and these reactions can take place at room temperature. The reaction between O − 2 and H (ads.) can release free electrons flowing back into the conduction band of ZnO, which results in an increase of the carrier density and a decrease of the depletion layer. When the device in ethanol is under a compressive strain ( figure 4(d) ), the large amount of electrons in ZnO NW will lead to an enhanced screen effect, resulting in a low piezoelectric output. As Pt/ZnO NWs have different electron density in different concentrations of ethanol, the piezoelectric output of the device influenced by electron density contains the ethanol sensing information. Pt/ZnO NWs have two functions: one is as the power source for driving the device; the other is as the room-temperature ethanol sensing material.
The linear self-powered ethanol sensing behaviour can be attributed to the coupling of the catalytic properties of Pt nanoparticles and the piezotronic effect of ZnO NWs. It has been reported that Pt nanoparticles have a high catalytic reactivity for the oxidation reaction of H (ads.), and the response of the Pt-loaded nanocomposites is usually limited by the diffusion rate of H (ads.) into the nanocomposites [27] . It has also been demonstrated that the conductance σ of Pt-loaded nanocomposites upon exposure to reducing gas can be expressed as follows [27] :
where q is the electrical charge of an electron, A is the area of the diffusion barrier, D denotes the diffusion coefficient of the reducing gas, [C] is the concentration of the reducing gas (such as ethanol), and d presents the thickness of the barrier. The conductance is linearly proportional to the concentration of reducing gas (ethanol). Since the electron mobility of ZnO NWs is constant in the sensing process (for nanomaterials with size larger than 20 nm, the electron mobility is constant) [28] , the electron density n of Pt/ZnO NW is linearly dependent on the concentration of ethanol:
By considering the screen effect of electrons, the open circuit piezoelectric output voltage of the Pt/ZnO NWs (for traditional theory, V oc = e 33 s 33 l ε s ) can be roughly expressed as follows:
where e 33 is piezoelectric coefficient, s 33 is the strain of the piezoelectric semiconductor, l is the thickness between two electrodes of the sensor, ε s is the permittivity of the piezoelectric semiconductor, and γ is a constant depending on device materials and structures. By combining equations (1), (6) and (7), it can be obtained that
The sensitivity is in a linear relationship with the concentration of ethanol.
Conclusions
In summary, a room-temperature self-powered active ethanol sensor was realized from Pt/ZnO NW arrays. The piezoelectric output generated by Pt/ZnO NW arrays was both the power source of this self-powered device and the room-temperature ethanol sensing signal. The working mechanism was based on the chemical/physical properties of Pt nanoparticles and the piezotronic effect of ZnO NWs. A linear dependence of the sensitivity on the ethanol concentration was also observed.
A new approach for room-temperature ethanol sensing was demonstrated.
